Background: Red oak pollen is an important cause of allergic respiratory disease and it is widely distributed in North America and central Europe. To date, however, red oak pollen allergens have not been identified. Here, we describe the allergenic protein profile from red oak pollen.
INTRODUCTION
Oak pollen allergy has a remarkable clinical impact all over the world, and there is plenty of evidence indicating that the prevalence of respiratory allergic reactions induced by oak pollens is increasing. A study conducted in 10 large Canadian cities, found that daily oak tree pollen concentrations were associated within 2.32% of daily asthma hospitalization. 1 Similarly, in the USA, the oak pollen was associated with 21,200 asthma emergency department (ED) visits in the northeastern, southeastern, and midwestern states in 2010, with costs valued at $10.4 million. 2 In the UK oak pollen is as abundant as birch, and oak trees are found abundantly in Europe, 3 where oak has been highlighted as a major tree allergen by the European Academy of Allergy and Clinical Immunology (EAACI). 4 Climate change is expected to lengthen and intensify the pollen seasons of a series of allergenic plant taxa. 5 It has been predicted that climate change may increase oak pollen season length and asthma ED visits by 5% on average in 2050 in the USA. 2, 6 In Europe high seasonal patterns of oak pollen are found from Spain to Sweden, although oak pollen seasons varied highly between countries. 7 There are 500-600 oak species worldwide and many of them have been associated with allergic disease. 8 However, in only 3 oak subspecies pollen allergens have been identified: white oak (Quercus alba), red oak (Q. rubra) and Mongolian oak (Q. mongolica). 9 White oak allergens include Que a 1, Ca2þ binding protein and profilin, while Mongolian oak pollen produces Que m 1. 9-11 A sequence Bet v1-like allergen was isolated from red oak and deposited in the UniProt database (Entry identifier:H9NJ54). However, oak allergens have only been partly characterized, 12 and there are no publications regarding red oak allergens. This tree is wildly distributed in Central and North America, and Western and Central Europe. [13] [14] [15] Thus, it is important to identify allergens produced by oak in order to improve the diagnosis and treatment of allergic patients, in particular, for those residing in complex exposure areas where cross-reactive allergens as Bet v1-like proteins do not guarantee a specific diagnosis.
In the present study, we have investigated the allergenic protein profile of red oak pollen using a discovery immunoproteomics approach.
METHODS

Patient selection
Eight polysensitized allergic patients to red oak (Q. rubra) pollen and 4 healthy control subjects were recruited from the outpatient allergy clinic. None of these patients were taking antihistamines, corticosteroids, or specific allergen immunotherapy at the time of the study. Skin prick tests were performed on the forearm to the most common aeroallergens including red oak, white oak, Dermatophagoides pteronyssinus, grass mix, dog hair, feather mix, cat fur, cockroach, weed mix, tree mix, birch, mesquite, Populus alba, cedar, privet, Arizona cypress, alder black, Populus tremuloides, western juniperus, and eucalyptus (Hollister Stier, Elkhart, IN, USA). A skin reaction characterized by ! 3 mm wheal diameter within 20 min indicated that the subject was positive. Histamine-induced reaction was used as positive control, and saline solution was used as negative control; 3 out of the 8 asthmatics were also allergic to white oak and the remaining 5 patients were skin prick test positive to other allergens including cat and Dermatophagoides pteronyssinus ( Supplementary table 1) . After skin prick test, peripheral blood was extracted, and anticoagulated whole blood samples were used to estimate the number of leukocytes by electrical impedance using a cell counter (Sysmex XP-300, Sysmex Corporation, Kobe, Japan), and the percentage of eosinophils was estimated by direct observation through Wright's stain blood preparations, whereas serum was collected from coagulated whole blood samples and stored at À80 C until use. The protocol was approved by the human ethics and research committees at the National Institute of Respiratory Diseases, Mexico. The study was conducted under the ethical principles of the 1975 Declaration of Helsinki (as revised in 1983), and it was consistent with Good Clinical Practice Guidelines.
Pollen collection and pollen protein extraction
Fresh inflorescences were collected from oak trees (May 2016) in Xalisco, Nayarit, Mexico, and identified as Quercus rubra L. with the assistance of a biologist and a forest engineer. Once dried, anthers were obtained from the inflorescence by passing through a 2 mm mesh, and pollen grains were separated using two standard test sieves (250 and 63 mm, VWR International, Radnor, Pennsylvania. USA). Pollen grain morphology was observed with an optical microscope equipped with camera and micrometer (Lumenera Corporation, Ottawa, Ontario, Canada). Total soluble pollen proteins were extracted using the protocol reported by Faurobert et al., 16 with minor modifications. Briefly, 100 mg of pollen were mixed with 3 mL of SDS-Extraction buffer (30% sucrose, 2% SDS, 0.1 M Tris-HCl, 2% 2-Mercaptoethanol and 1 mM PMSF) and the solution was incubated at 4 C with shaking for 10 min. One volume of phenol (equilibrated with 10 mM Tris-HCl) was added to the above solution, mixed, and centrifuged for 10 min at 5500Âg and 4 C. The phenolic phase was recovered in a new tube and mixed with 0.1 M ammonium acetate and incubated overnight at À20 C. After 20 min centrifugation at 20,000Âg and 4 C, the pellet was washed 3 times with cold acetone plus 2 times with 80% acetone prior to vacuum drying the pellet (Vacufuge plus, Eppendorf, Hamburg, Germany).
The pellet was suspended in 400 mL of rehydration buffer [8 M urea, 2% CHAPS, 20 mM DTT, 0.002% Bromophenol blue, 0.5% IPG buffer pH 3-10 (Bio-Rad. Hercules, California, USA)]. Total protein concentration was determined by the Bradford method using bovine serum albumin (BSA) as standard.
One and two-dimensional electrophoresis
Pollen proteins were separated by SDS-PAGE in the Mini-PROTEAN Tetra Cell (Bio-Rad). Gels (13% polyacrylamide) were run under reducingdenaturing conditions. To obtain the onedimensional electrophoretic profile, total soluble pollen proteins (30 mg) were separated in a multichannel SDS-PAGE gel and stained with Coomassie blue.
For a two-dimensional electrophoretic separation (2-DE), pollen proteins (2 mg) were loaded onto 13 cm linear pH 3-10 IPG (immobilized pH gradient) strips (GE Healthcare, Piscataway, New Jersey, USA). Passive rehydration was carried out at room temperature during 14 h. Isoelectric focusing (IEF) was conducted at 50 mA per IPG strip and 20 C in an Ettan IPGphor system 3 (GE Healthcare). The IEF conditions were: (1) Constant 500 V until 0.5 kVh, (2) 4000 V linear gradient until 0.8 kVh, (3) 8000 V linear gradient until 11.3 kVh, and (4) Constant 8000 V until 4.4 kVh. After IEF, the strips were equilibrated by shaking for 15 min in SDS equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl buffer pH 8.8, 0.002% bromophenol blue) the first time containing 1% dithiothreitol and the second time, equilibration was performed in the same solution but containing 2.5% iodoacetamide instead of dithiothreitol. Equilibrated strips were transferred to a vertical SDS-polyacrylamide gel, sealed with agarose and the second dimension was performed using the Hoeffer SE 600 Ruby system (GE Healthcare). Two independent preparative 2-DE gels were run. One for total protein (Coomassie blue) stain that was scanned with the Typhoon FLA 9500 laser scanner (GE Healthcare). Whereas pollen proteins from a second gel were electro-transferred onto polyvinylidene difluoride (PVDF) sheets (Immun-Blot, Bio-Rad) by using a Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). After electrotransference, membranes were rinsed in Phosphate-buffered saline (PBS) solution pH 7.5 and non-specific binding was blocked by incubating for 2 h in sodium azide-free BSA solution (5%).
Immunodetection analysis
For immunodetection, PVDF membranes were incubated overnight at 4 C with pooled sera diluted to 1:50 in PBS. After washing (3 times for 5 min with PBS-Tween 20, plus one wash with PBS), the membranes were incubated for 1 h with a mouse monoclonal (B3102E8) horseradish peroxidase-conjugated anti-human IgE-Fc antibody (ABCAM Laboratories, Cambridge, Massachusetts, USA) diluted to 1 mg/mL in PBS. Membranes were washed again. The enzyme-substrate reaction was performed by incubating the membrane in peroxidase substrate for enhanced chemiluminescence by Clarity Western ECL Substrate (Bio-Rad) and imaging was performed with a ChemiDoc MP Imaging System (Bio-Rad) and the software Image Lab v5.1 (Bio-Rad). Acquisition and exposition parameters were automatically optimized by the software.
In-gel protein digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
Comparisons of the IgE-reactive spots from the immunoblots to the Coomassie stained 2-DE (Preparative gels) were performed and the protein spots were excised from preparative gels, reduced with 10 mM DTT in 25 mM ammonium bicarbonate followed by protein alkylation with 55 mM iodoacetamide. Protein digestion was carried out overnight at 37 C with sequencing grade trypsin (Promega, Madison, WI, USA). Tryptic peptide separation was performed using the 1290 Infinity LC System (Agilent Technologies, Santa Protein identification MS/MS raw data files (.d files) were processed in the Spectrum Mill MS Proteomics Workbench server (Agilent Technologies) to obtain .mzXML files which were transformed into .mgf files in the MSConvert program (available at http://proteowizard. sourceforge.net/). Proteins were then identified using the .mgf files and the MASCOT search engine (http://www.matrixscience.com). Searches were conducted against the Viridiplantae subset of the NCBInr protein database (6,686,534 sequences, August 2018). Trypsin was used as the specific protease, allowing one missed cleavage. Mass error tolerance for precursor and fragment ions was set to 20 ppm and 0.1 Da, respectively. Carbamidomethyl cysteine was set as fixed modification and oxidation of methionine was specified as variable modification. Identifications were considered successful when significant MASCOT scores (!30) were obtained, indicating the identity or extensive homology at p < 0.05.
RESULTS
Patients
Eight allergic patients to red oak pollen and 4 healthy non-atopic subjects participated in the study (clinical features are in Table 1 ). The two groups were almost the same age (45 AE 3. 
One-dimensional electrophoresis
Protein extraction from red oak pollen (100 mg starting material) yielded around 20 mg of protein/ g of starting material consistently. Electrophoretic pattern of total soluble proteins shows bands in the molecular mass range of 10-100 kDa. Higher intensity bands are observed in the regions of about 25-40 and 40-60 kDa (Fig. 1) . Allergic rhinitis 3 0 Table 1 . Clinical characteristics of allergic and control subjects. FEV1 ¼ Forced expiratory volume at the end of the 1st second.* ¼ P < 0.05 ( Fig. 2A) . Interestingly, two-dimensional immunoblots using pool sera from allergic patients revealed 4 allergenic protein spots with molecular masses in the range from 50 to 55 kDa and isoelectric points in the range from 5.5 to 6.2 (Fig. 2B) . Moreover, no IgE binding reactivity was detected with the sera from healthy control subjects (data not shown).
Protein identification by mass spectrometry
Homology database search with the Mascot search engine allowed identifying 8 allergenic proteins including alpha and beta subunits of ATP synthase, Xylose isomerase (X1 isoform), mitochondrial aldehyde dehydrogenase,UTP-Glucose-1-phosphate uridylyltransferase, beta xylosidase/ alpha-L-arabinofuranosidase 1, and both enolase 1 and a chloroplastic enolase ( Table 2 ). Some IgE binding proteins showed 2-or more proteoforms: ATP synthase subunit alpha, mitochondrial (n ¼ 2), ATP synthase subunit beta, mitochondrial (3), X1isoformxyloseisomerase(n ¼ 4), enolase 1, chloroplastic-like (n ¼ 2), enolase 1 (n ¼ 2) and aldehyde dehydrogenase (n ¼ 2) (Table 2 and Supplementary Table 2 ). In contrast, the sera from healthy volunteers did not exhibit any IgE binding peptide (data not shown). And we did not identify any Bet v 1-like protein, which is usually found in allergenic fagales trees.
DISCUSSION
This is the first study to identify allergens from red oak pollen by using 2-DE followed by mass spectrometry.
Allergies, including pollen allergies, are recognized by the World Allergy Organization (WAO) as a global public health issue. Oak pollen allergy is of clinical relevance in both the American and European continents. Patients suffering from allergic rhinitis caused by red oak are usually treated with inhaled antihistamines and inhaled steroids. While these medications control patient's symptoms, they do not cure the disease. Allergy immunotherapy (AIT) is a causal treatment targeting the underlying allergic disease, affecting immunological mechanisms and resulting in the induction of immunological tolerance leading to sustained symptom relief and prevention of disease progression. Indeed, the AIT not only averts allergy symptoms, it also prevents both the development of asthma and new allergies in children. To date, the allergens from red oak remain unknown. Thus, it is important to recognize the allergens from this pollen tree, as they could be used for diagnostics and AIT.
In the present study, 2 enolases were identified in red oak pollen; enolase-1 and enolase chloroplasticlike, both of which were originally identified as orthologous of Quercus suber enolases. These proteins are essential glycolytic metalloenzymes, which catalyzed the conversion of 2-phosphoglycerate to phosphoenolpyruvate during glycolysis. 18 Enolases also play a part in growth control and hypoxia tolerance responses. Indeed, enolase is an allergenic protein which has been identified in other plants including Ailanthus altissima, Ligustrum, Cynodon dactylon (Bermuda grass), Ambrosia, latex (Hev b 9) and coconut. [19] [20] [21] [22] [23] [24] [25] [26] Interestingly, both enolases share a 68% of sequence identity, but not a single peptide identified by mass spectrometry. Enolase 1 exhibited high identity with enolases from other plant allergenic sources including Bermuda grass (88.31%), ambrosia (90.99%) and latex (Hebv 9, 91.46%). Enolases have also been reported as allergens from fungi and seafood. 27 Enolases identified here share between 67 and 69% sequence identity with fully recognized fungal and seafood allergenic enolases (Rho m 1, Cur l 2, Cla h 6, Alt a 6, Asp f 22, Pen c 22, Sal s 2). In all, this finding suggests that enolases from red oak pollen may play a major role in specific allergic reactions.
Xylose isomerase is a critical enzyme in xylose metabolism which is vital for the transformation of glucose and xylose into fructose and xylulose, respectively. X1 isoform of the Xylose isomerase was found as a novel allergen in red oak pollen. This functional protein was reported as allergenic in the pollen of the Phoenix sylvestris palm tree (Arecaceae). 28 Quercus rubra Xylose isomerase isoform X1 exhibited high sequence identity (78.5%) with Phoenix sylvestris homologous allergenic protein. This high sequence homology may represent a conserved allergenicity of the protein even in taxonomically distant trees. Several proteins involved in carbohydrate metabolism were identified as IgE binding allergens in this study. UTP-Glucose-1-phosphate uridylyltransferase is a key protein in glycogenesis and cell wall formation by UDP-glucose from glucose-1-phosphate and UTP. Our results showed one IgE-binding protein spot which corresponded to UTP-Glucose-1phosphate uridylyltransferases, as similarly reported in fruit latex 29 and short ragweed. 30 Beta xylosidase/alpha-L-arabinofuranosidase was another enzyme we identified in red oak pollen. This protein has been reported as an allergen in Aspergillus niger. 31 Beta xylosidase participates in the degradation of cell membrane hemicelluloses during pollen tube formation and has never been described as allergenic in pollen, therefore, this may be the first report of a likely role of this enzyme as an IgE recognized plant protein.
Mitochondrial proteins were also identified in immunodetected protein spots, including the alpha and beta subunits of ATP synthase, proteins that are widely recognized as pollen allergens. 21, 26, 28, 32 Likewise, aldehyde dehydrogenase family 2 member B7 was also identified in immunoreactive spots. Aldehyde dehydrogenase is a major allergen in the fungi Alternaria alternata (Alt a 10) and Cladosporium herbarum (Cla h 10), in the Asian lady beetle Harmonia axyridis (Har a 2), and the mite Tyrophagus putrescentiae (Tyr p 35). [33] [34] [35] Quercus rubra Aldehyde dehydrogenase showed 51-53% sequence identity with fungal (Alternaria and Cladosporium) and mite (Tyrophagus) allergenic aldehyde dehydrogenases, but low sequence identity with allergenic insect (Harmonia) aldehyde dehydrogenases (26%). It should be noted that the allergens detected are present in several spots in the gel slab. However, this is common in most 2-DE map analyses: such spots likely represent post-translational modifications, including proteolytic cleavages. The novel finding that red oak produces 8 allergenic proteins may have clinical implications for sensitized patients. For example, the development of recombinant proteins could have potential applications in diagnosis and therapy. Indeed, recombinant allergen molecules exhibit the structural characteristics of the natural allergens in as much as they could be used in skin prick tests, in vitro measurements of specific IgE and basophil activation test. Moreover, hypoallergenic derivatives could also be developed for application in allergy immunotherapy; hypoallergenic recombinant variants preserve T-cell epitopes while removing B-cell epitopes, which offers several advantages over the natural forms as they seek to ensure better standardization and eliminate unwanted side effects.
Our study has some potential limitations. First, we did not analyze the samples individually for each patient of the cohort, which could have provided some additional information about the grade and frequency of the specific recognition of these red oak allergens. For example, 3 out 8 red oak sensitive subjects had also positive skin test reaction to white oak, suggesting a co-sensitization that could have been further investigated with the individual profile of these patients. Secondly, although we have identified a relatively high amount of novel aeroallergens, no validation studies were undertaken yet to investigate their potential recognition in a larger cohort of patients. To uncover red oak allergens, we rather undertook a discovery proteomics approach by optimizing protein identification and placing more effort on analyzing a reduced number of samples, while validation-based approach optimizes the proteomics methods to achieve the highest sensitivity and throughput for large number of samples. 36 
CONCLUSIONS
In summary, we have identified 8 IgE-reactive proteins from red oak pollen including Enolase 1 and Enolase 1 chloroplastic, Xylose isomerase (X1 isoform), mitochondrial Aldehyde dehydrogenase, UTP-Glusose-1-phosphate uridylyltransferase, beta xylosidase/alpha-L-arabinofuranosidase and alphaand beta subunits of ATP synthase. These findings will pave the way towards the development of new diagnostic and therapeutic modalities for red oak allergy. 
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